Characterization of Coordinated Immediate Responses by p16INK4A and p53 Pathways in UVB-Irradiated Human Skin Cells  by Abd Elmageed, Zakaria Y. et al.
Characterization of Coordinated Immediate
Responses by p16INK4A and p53 Pathways in
UVB-Irradiated Human Skin Cells
Zakaria Y. Abd Elmageed1,2, Rajiv L. Gaur1,2, Mandy Williams1,2, Mohamed E. Abdraboh1,2,4,
Prakash N. Rao3, Madhwa H.G. Raj3, Fathi M. Ismail4 and Allal Ouhtit1,2
While the precise mechanisms of melanoma development are unknown, recent in vivo studies have revealed
that the p16Ink4a/Rb pathway is disrupted in melanomagenesis. Here, we characterize the role of p16/Rb in
coordinating the early events in UVB-irradiated skin. Foreskins and melanoma cell cultures were irradiated with
low and high acute UVB doses and examined for cell-cycle- and apoptosis-associated genes. In melanoma cells,
low UVB dose upregulated p16, p53, and p21 expression levels in Malme-3M, and high UVB dose accentuated
the expression of p53 and p21Cip1/Waf1, in particular; however, in SkMel-28 cells only p16 expression was
upregulated in response to UV irradiation. In HaCaT cells, high UVB dose caused dramatic increase in p53
expression followed by upregulation of p21Cip1/Waf1 and Bax, and downregulation of Bcl-2 leading to apoptosis.
In HaCaT cells, reinstatement of p16 pathway restored cell-cycle arrest in response to low dose. Foreskin organ
culture experiments confirmed our in vitro cell results. These data indicate that the p53 and p16 pathways
respond independently to UVB insult. The p16 pathway is favored at low doses and results in cell-cycle arrest;
the p53 pathway is more responsive to higher doses and induces apoptosis depending on p53 mutation status.
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INTRODUCTION
Ultraviolet radiation, in particular UV-B, induces a plethora
of effects ranging from erythema, burns, immune suppression,
increased photoageing, and skin cancers including cutaneous
malignant melanoma and nonmelanoma skin cancers.
Although much less prevalent than its nonmelanoma skin
cancer counterparts, melanoma is the most lethal human skin
cancer. Previous studies, including our own study, indicate
that the Rb-signaling pathway, orchestrated by the two
tumor suppressor genes p53 and p16INK4a, is the key
UV-target pathway disrupted in nonmelanoma skin
cancers and melanoma (Sharpless and DePinho, 1999;
Ouhtit et al., 2000a, b; Recio et al., 2002; Williams and
Ouhtit, 2005).
The p53/Rb and the p16/Rb pathways are important in
both cell cycle and apoptosis mechanisms in response to UV
irradiation (Ouhtit et al., 2000a, b; Kannan et al., 2003;
Williams and Ouhtit, 2005). A single UV insult to the skin
can affect the p53/Rb and the p16/Rb pathway in both
keratinocytes (KCs) and melanocytes (MCs). In the KCs, UV-
DNA damage induces an elevation of p53 protein followed
by the induction of its direct transcriptional target p21WAF1, a
cyclin-dependent kinase (CDK) inhibitor (Williams and
Ouhtit, 2005; van Schanke et al., 2006). P21 inactivates the
CDK-cyclin complex by forming a CDK2/A or E cyclin/
proliferating cell nuclear antigen/p21 complex, which will
prevent both Rb phosphorylation and the release of E2F,
leading to G1 arrest to allow the repair of DNA damage
(Al-Mohanna et al., 2004). If the damage is severe and left
unrepaired, a second preventive mechanism ‘‘apoptosis’’ is
induced to eliminate damaged KCs (Decraene et al., 2005;
Maeda et al., 2005; Williams and Ouhtit, 2005). UV-induced
apoptosis is mediated by p53 upregulation of its transcrip-
tional pro-apoptotic targets Bax and Fas and downregulation
of its anti-apoptotic transcriptional target Bcl-2 (Cotton and
Spandau, 1997; Zhuang et al., 2000; Ouhtit et al., 2000a;
Williams and Ouhtit, 2005). Compared to KCs, MCs are
generally believed to possess an inborn resistance to
apoptosis. In addition to broadly expressing apoptotic
inhibitors in Brash et al. (1996), MCs express relatively high
basal levels of the anti-apoptotic protein Bcl-2 compared to
KCs. This is important as an anti-apoptotic protein, increasing
the survival of MCs (Hill et al., 1999). However, an increase
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and a redistribution of Bax protein from different compart-
ments within the cell have been found to initiate the
apoptotic response to UVB in the MCs (Ahmed et al., 1999;
Hill et al., 1999).
The p16/Rb pathway is also important in the control of cell
cycle in response to UVB DNA damage (Serrano, 1997;
Chazal et al., 2002). P16INK4a is a cell-cycle regulator that
inhibits specifically CDK4/6. Consequently, the cyclin
D-dependent phosphorylation of the Rb is inhibited, leading
to less transcription of E2F-responsive genes necessary for
S-phase entry (Shirodkar et al., 1992). When p16 is induced,
it effectively competes with cyclin D1 in the binding of
CDK4, leading to inactive p16INK4a-CDK4 complexes. The
Rb remains in its hypophosphorylated form, E2F is not
activated, the cell cycle is arrested, and replication is halted
(Pavey et al., 1999). In cells irradiated with low doses of
UVB, P16INK4A is upregulated within 12–24 hours leading to a
cell-cycle arrest at G1 (Serrano, 1997; Milligan et al., 1998;
Sarkar-Agrawal et al., 2004) to allow DNA repair before
allowing resumption of the cell cycle (Nobori et al., 1994). If
P16INK4A is inactivated by missense mutation, deletion, or
methylation, as it is in melanoma and many other human
tumor types (Castellano et al., 1997; Ruas and Peters, 1998;
Chaturvedi et al., 1999; van der Velden et al., 2001; Davies
et al., 2002), the Rb protein no longer maintains its active
form and cell replication is unchecked.
Although human INK4a/ARF is the only bona fide genetic
locus frequently lost in familial and, occasionally, somatic
cutaneous malignant melanoma, the functional relationship
between INK4a/ARF and UV radiation in cutaneous malig-
nant melanoma pathogenesis is not well understood. How-
ever, mouse models of melanoma have served as an in vivo
genetic platform on which the role and molecular targets of
UV radiation can be examined. Recently, these models have
provided genetic evidence in support of the epidemiological
link between increased melanoma risk and childhood
sunburn. Thus, these models have helped identify the
components of Rb pathway as the principal and rate-limiting
targets of UV’s actions in melanoma formation (Sharpless
and DePinho, 1999; Recio et al., 2002). Using various
UV-exposure regimens on pigmented hairless Ink4a/Arf
knockout mice, van Schanke et al. (2006) have recently
confirmed the epidemiologic observation in humans. They
showed that, in contrast to the dose fraction effects on
nonmelanoma skin cancers, intermittent erythemal UVB
exposures were more effective in promoting nevus develop-
ment than equal weekly dosages spread over daily suber-
ythemal exposures. The differences in apoptotic UVB
responses of the MCs and KCs might explain why INK4a/
ARF mutations predispose to melanoma but not nonmelano-
ma skin cancer, and might provide a molecular explanation
for the link between melanomagenesis and the regulation of
cell-cycle check points and DNA repair in response to UV.
MCs immortalization is a mandatory step in early initiation of
melanoma, which most likely requires at least a defect of the
p16/Rb pathway. Precisely how MCs in the presence of p16/
Rb-deregulated pathway progress to a malignant melanoma
in an apparently normal epidermis is not known nor have the
p16 downstream signaling mechanisms mediating UV-
induced cell-cycle program been fully understood. In this
study, we have utilized human skin organ cultures as well as
melanoma cell lines to determine the temporal changes in the
expression and cellular distribution of the components of the
Rb pathway (p16/Rb and p53/Rb) in response to acute UV
irradiation. By using an in vitro p16-inducible melanoma cell
line in future studies, we hope to identify the potential targets
of p16 mediating UV-induced cell-cycle mechanisms.
RESULTS
Incidence of UVB irradiation on cell viability in the skin
Before studying how UVB irradiation affects the components
of the Rb pathway in the skin, we observed the cell viability
using the crystal violet assay following different UVB doses.
As shown in Figure 1, a clear dose-dependent effect of UVB
irradiation was observed in HaCaT cells. The curve shows
that, 48 hours after a single UV irradiation, 30mJ/cm2 of UVB
corresponded to 90% of cell viability, 70mJ/cm2 UVB to 40%
cell viability, and 100mJ/cm2 to B20% of viability. Similar
analysis was performed for the two melanoma cell lines
Malme-3M and SkMel-28, and according to UVB dose–r-
esponse curves, low dose of 30mJ/cm2 and high dose of
70mJ/cm2 have been determined as optimal suberythemal
doses to be used for acute irradiation in all the experiments.
Similar doses were also established for acute irradiation of the
skin organ cultures as the minimal erythemal dose in the skin
has been determined to be about 80mJ/cm2 as previously
described (Pavey et al., 1999, 2001).
Effects of UVB on gene expression in melanoma cell lines
Acute UVB irradiation of Malme-3M cells, which contain
wild-type p53 and p16 genes, showed that the p16 level was
upregulated and reached its peak after 12 hours of exposure,
in response to low UVB dose in particular (Figure 2a). In
contrast, the expression levels of p53 as well as its
downstream target p21Cip1/Waf1 were increased in response
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Figure 1. Effects of UVB irradiation on viability of HaCaT cells. Cell viability
of HaCaT cells was determined using crystal violet assay as described in
‘MATERIALS AND METHODS’. The curve shows that, 48 hours after a single
UV irradiation, 30mJ/cm2 of UVB corresponded to 90% of cell viability,
70mJ/cm2 UVB to 40% cell viability, and 100mJ/cm2 to B20% of viability.
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to low UVB doses (Figure 2a), and their increase was further
accentuated in response to high UVB dose, then returned to
baseline at 48 hours post-UVB irradiation (Figure 2a).
However, in SkMel-28 cells, which contain mutant p53 and
wild-type p16, only p16 expression was upregulated in
response to both low and high doses of UVB (Figure 2b),
suggesting the take over by the p16 pathway when p53
function is compromised. Although accumulation of p53
expression (stabilized mutant p53) was observed, a slight
increase in p53 expression was seen at low UVB dose (Figure
2b). However, p21Cip1/Waf1 expression was dissociated from
p53 regulation (Figure 2b). Together, these data suggest that,
in melanoma cells, the p16 pathway appears to be more
responsive to low UVB doses, whereas the p53 pathway is
more responsive to high doses of UVB. However, the absence
of p53 regulation of p21Cip1/Waf1 in SkMel-28 cell irradiated
with high UVB dose might be due to the effect of the mutant
p53.
Reestablishment of p16 pathway in HaCaT cells and its effect on
cell cycle and apoptosis in response to UVB
Human immortalized KCs (HaCaT) were chosen because
their p16 promoter is hypermethylated and because they do
not express p16 protein. Before reestablishing p16 pathway in
these cells, we initially examined the effect of both low and
high doses of UVB on the intact p53 pathway. In HaCaT cells,
both low and high doses of UVB exposure induced a
dramatic increase in p53, but peaked earlier (24 hours)
with high doses in comparison to low UVB doses (48 hours;
Figure 3a). In response to low UVB dose, increased levels of
p53 expression were accompanied by an early upregulation
of its downstream target and the cell-cycle inhibitor,
p21Cip1/Waf1 (Figure 3a), indicating its involvement in
regulating cell-cycle arrest in the absence of p16, particularly
at early time points (Figure 4a). However, the increase in p53
expression was also accompanied by changes in the
expression levels of its downstream targets genes associated
with apoptosis; the pro-apoptotic protein Bax was markedly
upregulated in response to high UVB-doses (Figure 3a). In
contrast, whereas the anti-apoptotic protein Bcl-2 was
markedly induced in response to low UVB dose, particularly
at late time points, high UVB dose decreased dramatically the
expression of Bcl-2 (Figure 3a). In addition, cells irradiated
with high UVB dose progressed early and rapidly to sub-G0
(Figure 4b). These data suggest that, in response to high UVB
dose, the pro-apoptotic protein Bax is upregulated and the
anti-apoptotic Bcl-2 was downregulated resulting in apopto-
sis of HaCaT cells (Figure 4b).
Next, we reinstated the p16 pathway in HaCaT cells by
transient transfection of p16 cDNA. The expression of
transfected p16 was affected by high UVB dose and
disappeared 12 hours post-UVB compared to 24 hours for
low dose (Figure 3b). Following the transfer of p16 gene, the
number of cells in G0/G1 and G2/M was observed at early
time points (6–12 hours post-UVB) whereas the cells pro-
gressed rapidly to sub-G0 at late time points (24–48 hours
post-UVB), suggesting cell-cycle arrest at early time points
and induction of apoptosis at late time points (Figure 4d).
Furthermore, following p16 gene transfer, expression levels of
p53 as well as its downstream target gene p21 were
increased, particularly in response to low UVB doses
(Figure 3b). These data suggest cross talk between the p16
and p53 pathways, which requires further investigation. More
interestingly, the reinstatement of the p16 pathway caused
Malme-3M (wild-type p53; wild-type p16)
SkMel-28 (mutant p53; wild-type p16)
Low dose High dose
6 12 24 48 6
– – – – ++++
12 24 48
– – – – ++++
p16
p53
p21
Actin
p16
p53
p21
Actin
Figure 2. Effects of low and high UVB doses on gene expression in melanoma cell lines. Time-course western blot analysis of the effect of low (30mJ/cm2)
and high (70mJ/cm2) UVB doses on the expression levels of p16, p53, and p21Cip1/Waf1 in Malme-3M (a) and SkMel-28 (b) melanoma cell lines. Cell
lysates were collected at different time points (6, 12, 24, and 48 hours) post-UVB irradiation and examined for the expression of p16, p53, and p21. Equal
protein loading was confirmed by reprobing the membrane for actin expression. (þ ): UVB irradiated; (): no UVB irradiation.
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cell-cycle arrest of HaCaT cells in response to low UVB dose
(Figure 4a), most likely to allow the repair of DNA damage.
However, high doses of UVB did not affect significantly the
p53 expression when p16 gene was transfected to HaCaT
cells and subsequently led to apoptosis as shown in
Figure 4b.
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Figure 3. Reestablishment of p16 pathway in HaCaT cells and its effect on cell-cycle and apoptosis mechanisms, in response to both low and high doses
of UVB irradiation. (a) Time-course western blot analysis of the effect of low (30mJ/cm2) and high (70mJ/cm2) UVB doses on the expression levels of p53 and
its downstream target gene associated with cell cycle (p21) as well as apoptosis (Bax and Bcl-2) in HaCaT cells 6, 12, 24, and 48 hours post-UVB;
(b) effects of low (30mJ/cm2) and high (70mJ/cm2) UVB doses on the expression levels of p53 and p21 following transient transfection (Tx) of p16 to
HaCaT cells. Equal protein loading was confirmed by reprobing the membrane for actin expression. (þ ): UVB irradiated; (): not irradiated; (þC): lysates
collected from high-dose UVB-irradiated SkMel-28 cells at 24 hours are used as a positive control for p16 expression. (C): No UVB irradiation. Equal
protein loading was confirmed by reprobing the membrane for b-tubulin expression.
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Figure 4. Effect of reinstatement of p16 pathway on cell cycle and apoptosis in UVB-irradiated HaCaT cells. HaCaT cells were irradiated with low (a) and
high (b) UVB doses and analyzed by flow cytometry at different time points post-UVB irradiation. On the other hand, HaCaT cells were transiently
transfected (TX) with p16 cDNA, irradiated with low (c) and high (d) UVB doses, and analyzed by flow cytometry at different time points (6, 12, 24, 48,
and 72 hours) post-UVB irradiation. C (no UV): cells were not irradiated; TX (no UV): cells were transfected with p16 cDNA but did not receive UVB irradiation.
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Effect of low and high UVB regimens on cell proliferation and
apoptosis in the skin
To show the effects’ of both low and high doses of UVB
irradiation on the p53 and p16 pathways, as well as the
subsequent effects on cell proliferation and apoptosis in
human skin, both western blot and immunohistochemical
analyses were performed. Similarly to our previous mouse
studies (Ouhtit et al., 2000a), high doses of UVB, in
particular, increased cell proliferation and epidermal thick-
ness (data not shown). In comparison to nonirradiated human
foreskin, the expression of both p53 and p16 was induced in
the human skin organ culture and peaked at 12 hours post-
UVB irradiation, particularly in response to high doses
(Figure 5). These results were also confirmed by immunohis-
tochemistry, revealing the abundant p53 nuclear staining,
particularly in the basal layers of the epidermis (Figure 6c
and d). In addition, 96 hours after high doses of UVB, a
complete separation of the dermis from the epidermis
(blistering) was observed (data not shown). P16 staining
(cytoplasmic and nuclear) was dispatched within the basal
layer of the epidermis at 24 hours time point, and started to
move up to the upper layers of the epidermis by 48 hours
(Figure 6e and f).
To examine the effect of low and high UVB doses on
apoptosis in the skin, the number of apoptotic (sunburn) cells
was counted on hematoxylin and eosin staining of the whole
foreskin sections. Typically, sunburn cells display a char-
acteristic morphology of pycnotic nuclei and intensely
eosinophilic cytoplasm (Figure 6a and b) detectable by light
microscopy in hematoxylin and eosin-stained skin sections.
Similarly to our previous mouse studies (Hill et al., 1999;
Ouhtit et al., 2000a), high doses of UVB increased
dramatically the number of sunburn cells; this number
peaked at 24 hours (Figure 7), which was subsequent to the
peak of p53 expression (12 hours), demonstrating that UVB-
induced apoptosis is p53 dependent in the skin organ
cultures. The results from skin organ cultures confirmed our
in vitro studies suggesting that the p53 pathway is orchestrat-
ing the early responses to high doses of UVB irradiation,
whereas the p16 pathway is more responsive to low doses of
UVB irradiation.
DISCUSSION
Previous studies including our own study indicate that the
Rb-signaling pathway, orchestrated by the two tumor
suppressor genes p53 and p16INK4a, is the key UV-target
pathway disrupted in skin cancers (Sharpless and DePinho,
1999; Ouhtit et al., 2000a, b; Recio et al., 2002; Kannan
No UV 6 12 24 48Time (hours) after UVB insult
p16
p53
β-Tubulin
Figure 5. Effects of low (30mJ/cm2) and high (70mJ/cm2) UVB doses on p16
and p53 expression levels in human skin organ cultures. Time-course western
blot analysis of p53 and p16 expression in UVB-irradiated human skin organ
cultures 6, 12, 24, and 48 hours post-UVB treatment. Equal protein loading
was confirmed by reprobing the membrane for b-tubulin expression.
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Figure 6. Effects of high (70mJ/cm2) UVB dose on apoptosis and expression
of both p53 and p16 proteins in normal human skin organ cultures 24 and
48hours post-UVB treatment. (a and b) Hematoxylin and eosin staining of
human skin organ cultures 24 hours (a) and 48hours (b) after UVB irradiation
with high dose showing sunburn cells (arrows). (c, d) Time-course analysis of
p53 (c, d) by immunohistochemistry showing nuclear staining of p53 protein
(arrows) at 24 hours (c) and 48 hours (d) post-UVB irradiation. (e, f) Time-
course analysis p16 (e, f) expression by immunohistochemistry showing p16
nuclear and cytoplasmic immunostaining (arrows) at 24 hours (e) and
48hours (f) post-UVB irradiation. (g, h) p53-immunohistochemistry on
adjacent sections of normal skin not exposed to UVB treatment.
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Figure 7. Effect of low and high UVB doses on cell proliferation and
apoptosis in human skin organ culture. The histogram represents data
analysis of the percentage of sunburn cells in human skin organ cultures in
response to low and high doses of UVB 24 and 48 hours post-UVB treatment.
Data points shown are the mean±SEM of three independent experiments,
each conducted in triplicate. Statistically significant points were determined
using a Student’s two-tailed t-test. *Po0.001.
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et al., 2003; Williams and Ouhtit, 2005; van Schanke et al.,
2006). The p53/Rb and the p16/Rb subpathways are
important in regulating DNA repair, cell cycle, and apoptosis
mechanisms in response to UV insult (Ouhtit et al., 2000a, b;
Kannan et al., 2003; Williams and Ouhtit, 2005; van Schanke
et al., 2006). It is not known precisely how these two
subpathways are coordinated in the skin in response to UV.
In this study, we employed different cell models (two
melanoma cell lines and HaCaT p16-null cells) as well as
the whole foreskin culture model to characterize the
coordination of the early molecular events associated with
the Rb-signaling pathway and their effects on cell-cycle and
apoptosis mechanisms. Our results showed that the p16 and
the p53 subpathways were differentially modulated, depend-
ing on the status of p16 and p53 genes, the UVB regimen, and
the skin cell origin. In melanoma cells, containing wild-type
p53 (Malme-3M cells), high doses of UVB radiation induced
cells to undergo apoptosis via p53 pathway, whereas low
doses did not induce apoptosis but appeared to inhibit cell
cycle via p16 pathway and perhaps the cell-cycle inhibitor
p21. These data were confirmed in UVB-irradiated human
skin organ cultures. However, in Skmel-28 cells where p53 is
mutated, the expression of p16 gene was induced at both low
and high doses of UVB, suggesting that the p16 pathway
takes over the control of the immediate responses to UVB,
and regulates both cell-cycle and apoptosis mechanisms
when p53 pathway is defective due to mutations. In contrast,
in KCs with mutated p53 and absence of functional p16
(HaCaT cells), the p53 pathway was functional at both high
and low doses of UVB. More interestingly, the transfection of
p16 into these cells reinstated a functional p16 pathway,
which induced an early cell-cycle arrest at G1, in response to
low dose of UVB; at high dose, the cells progressed rapidly to
apoptosis.
Our results indicated that in the cells originating from
MCs, when both p16 and p53 are normal (Malme-3M cells),
the p16-Rb pathway is utilized predominantly in response to
low doses, leading to cell-cycle arrest, whereas p53 pathway
is utilized in response to high doses, activating downstream
genes associated with apoptosis. Our data are supported by
previous studies indicating that p16 pathway is important in
the immediate responses to low doses of UVB irradiation by
inhibiting cell-cycle mechanisms in the skin (Pavey et al.,
1999, 2001; Chazal et al., 2002; Al-Mohanna et al., 2004).
However, several reports have demonstrated that high doses
of UVB activate p53 and its downstream target genes
associated with apoptosis in the skin (Ouhtit et al.,
2000a, b; Williams and Ouhtit, 2005).
In the SkMel-28 melanoma cells containing mutant p53,
we found that p16 expression increased in response to both
low and high doses of UVB, suggesting that the p16 pathway
is overcoming the loss of p53 regulation of both cell cycle
(p21Cip1/Waf1 expression) and apoptosis. Mutational analysis
of p53 gene in separate studies identified different p53
mutations in the SkMel-28 melanoma cells. O’Connor et al.
(1997) showed that SKMel-28 contained p53 mutation at
codon 145 resulting into cysteine to V amino acid change
(p53-C145V). Haapaja¨rvi et al. (1999) showed that SkMel-28
contained p53 mutation at codon 145 (p53-L145R). These
mutations at codon 145 lead to accumulation of p53
expression in the SKMel-28 cells. Interestingly, however,
Schittek et al. (1999) identified the gain-of-function p53
mutation at codon 273 (p53-R273H) that results in the amino
acid change arginine to histidine. Therefore, the loss of p53
regulation of p21 in our study might be due to the effect of the
mutant p53 present in the SkMel-28. These data suggest that,
in addition to cell-cycle inhibition, the tumor suppressor p16
gene is increased in response to high doses of UVB to protect
the cells against UV damage-mediating apoptosis as has been
reported by Al-Mohanna et al. (2004). Different lines of
investigation have produced data suggesting that the effect of
p16 on UV-induced apoptosis is p21 dependent (Gorospe
et al., 1997; Bissonnette and Hunting, 1998; Allan and Fried,
1999).
In HaCaT cells (p16 null; contain mutant p53), the p53
pathway was functional in response to UVB irradiation
(Figure 3a). Both doses increased p53 expression, which was
followed by upregulation of the cell-cycle inhibitor p21 and
the pro-apoptotic protein Bax, and downregulation of the
anti-apoptotic protein Bcl-2 (Figure 3a). We have previously
shown that p53 and its target, p21Cip1/Waf1, cell-cycle
inhibitor encoded by Cip1/Waf1, is important in regulating
both cell-cycle and apoptosis mechanisms (Ouhtit et al.,
2000a, b; Decraene et al., 2005). DNA damage elicited by
UVB triggers p53 accumulation and transcriptional activa-
tion, leading to cell-cycle arrest allowing more time for the
repair of DNA damage or elimination of damaged cells by
apoptosis (Ouhtit et al., 2000a; Reagan-Shaw et al., 2006).
The HaCaT cell line bears UV signature C to T and CC to TT
p53 mutations at codons 179 and 281/282, respectively
(Lehman et al., 1993). Although p53 was found to be mutated
at both alleles in HaCaT cells (179 on one allele and 281/282
on the other allele), previous studies have shown that UVB-
induced apoptosis in HaCaT cells was accompanied by
increased levels of both p53 and its downstream target genes
p21Cip1/Waf1 and Bax, and decreased levels of Bcl-2
(El-Mahdy et al., 2008; Dhanalakshmi et al., 2004; Banerjee
et al., 2005; Reagan-Shaw et al., 2006; Afaq et al., 2007).
Furthermore, UVB-induced apoptosis in HaCaT cells was
accompanied by increased levels of phospho-p53 (Ser15)
protein levels (Chouinard et al., 2002). Cell stress, such as UV
irradiation, activates p53 transcriptional activity, through
post-translational modifications on Ser15 and Ser20, and p53
stabilizes and accumulates in the nucleus, where it regulates
the transcription of multiple downstream-targeted genes such
as p21Waf1/Cip1 (El-Deiry et al., 1993) and Bax (Miyashita and
Reed, 1995). These data put together support our findings and
suggest that in the absence of p16 pathway, p53 downstream
signaling pathway is mediating cell-cycle and apoptosis
mechanisms in UVB-irradiated HaCaT cells (Figure 3a).
Furthermore, we compared the effects of UV on p16 and
p53 pathways by reinstating the p16-Rb pathway in HaCaT
cells. At low doses, reinstating the p16 pathway in HaCaT
cells led to a further increase in p53 expression and cell-cycle
arrest in the G1 phase but led to rapid apoptosis at high UVB
without producing a dramatic effect on p53 expression. These
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data suggest an importance of p16 in the early immediate
responses to low doses of UVB and further suggest cross talk
between the p16 and p53 pathway in coordinating the early
immediate responses to UVB in the skin (Zhang et al., 2006).
It has been reported that p16INK4a modulates p53 in primary
human mammary epithelial cells (Zhang et al., 2006). In the
present study, the skin organ culture results confirmed those
obtained with cell culture experiments indicating that the p16
pathway is involved in the early immediate events associated
with low doses of UVB, whereas the p53 pathway is mainly
associated with regulation of apoptosis in responses to high
UVB doses. These findings are in agreement with previous
studies using either human skin organ cultures or human
reconstituted skin in culture (Pavey et al., 2001). Cross talk
between the p16 and the p53 pathways coordinates the early
responses to UVB irradiation in the skin.
In summary, using different skin cell models and human
skin organ cultures, we have shown in this report that,
although operating independently, p16INK4A and p53 can
cross talk to coordinate the early immediate events in
response to UVB irradiation. Dysfunction of these pathways
in response to chronic UV irradiation may lead to the onset of
skin cancer. Chronic UVB-irradiation studies are ongoing in
our laboratory to characterize these coordinated events, and
further identify novel downstream genes for p16 and p53
pathways in response to UVB irradiation.
MATERIALS AND METHODS
Cells and compounds
Malme-3M (wild-type p53 and p16) and SkMel-28 (mutant p53 and
wild-type p16) human melanoma cell lines were purchased from
ATCC (Manassas, Virginia) and cultured in RPMI 1640 media
containing 10% (v/v) fetal bovine serum. The spontaneously
immortalized human KC cell line HaCaT (deficient in p16; courtesy
of Dr Fusenig, Heidelberg, Germany) were cultured in MEM medium
(Gibco-BRL, Carlsbad, CA) supplemented with 10% fetal calf serum,
2mM glutamine, and 100U/ml antibiotics. All cells were cultured in
5% CO2, at 37 1C and were grown to 70–80% confluence before
experimentation.
UVB irradiation
Cell viability and crystal violet assays were used to determine the
appropriate low and high sublethal doses for each cell type within a
range of 10–100mJ/cm2, using the CL1000 Ultraviolet Crosslinker,
5 8W UVB lamp (UVB-F8T5 lamps) with emission at 312 nm
(UVP, Upland, California). Cells were washed twice with phosphate-
buffered saline and placed (without lids) within the Crosslinker
under the light source and then subjected to UVB light. The medium
and lids were then replaced and the incubation continued at the
same conditions, for 48 hours. The medium was removed and the
cells washed and stained with crystal violet stain (5mg/ml) for
10minutes, then rinsed off in cold water, and air-dried. The UVB
dose was determined according to the fraction of viable cells
detected 24 and 48 hours postirradiation.
Skin organ culture
Skin organ cultures were established and maintained as previously
described (Pavey et al., 1999) with slight modifications. Human
neonatal foreskins were obtained immediately after circumcision
(institutional review board approved by local ethical committee).
These were predominantly of Caucasian origin, with little melanin
content or coloring. The samples were transported to the laboratory
in MCDB 153 medium (Sigma, St Louis, MO), supplemented with
antibiotics and 5mg/ml fungizone (Invitrogen, California, Carlsbad).
Within 12 hours of collection, samples were then rinsed in
phosphate-buffered saline, the fatty tissue removed from the dermal
side and the skin was then placed epidermal side uppermost floating
on specialized media supplemented with antibiotics and incubated
at 37 1C in a humidified incubator. As described above, the skins
were irradiated with suberythemal doses of 30 and 70mJ/cm2 UVB
then placed in new medium for additional incubation up to 96 hours.
P16-transfection
HaCaT cells (p16 negative) were transiently transfected with the
Bluescript KST plasmid (containing p16 cDNA introduced between
BamH1 and EcoR1 restriction sites), using Lipofectamin Reagent
(Invitrogen) according to the manufacturer’s guidelines. Post-
transfection, cells were harvested and the transfection efficiency
determined by biochemical detection of p16 expression using
antihuman antibodies used P16 (C-20, Santa Cruz Biotechnologies
Inc., Santa Cruz, California).
Western blotting
Protein lysates were collected at different time points following UVB
irradiation as previously described (Ouhtit et al., 2000a). Briefly,
proteins were extracted with a lysis buffer and precipitated using
RIPA buffer. Protein samples (30 mg) were boiled for 5minutes in an
equal volume of reducing buffer (5mM Tris/HCl, pH 7.4, 4% (w/v)
SDS, 20% (v/v) glycerol, 10% (v/v) mercaptoethanol, 0.2% (w/v)
bromophenol blue), resolved on 12% polyacrylamide gels, and
electroblotted onto nitrocellulose membranes. Membranes were
probed with the following primary antibodies: P16 (C-20: sc-468),
P53 (DO-1: sc 126), Bax (n-20: sc 493), and Bcl-2 (C-21: sc 783;
Santa Cruz Biotechnologies Inc.). Washed membranes were then
probed with the appropriate secondary antibody. Proteins were
visualized using Supersignal horseradish peroxidase according to the
manufacturer’s instructions (Pierce, Rockford, IL). Equal loading of
the protein samples was assessed by reprobing the membrane with a
1:2,000 dilution of the b-tubulin antibody (Sigma) or Actin (Santa
Cruz Biotechnologies Inc.).
Flow cytometry
Cells cultured until 70% confluence were washed in phosphate-
buffered saline, trypsinized, and fixed in 70% ethanol for at least
1 hour at 20 1C. DNA content of harvested cells was evaluated after
propidium iodide staining of cells using an EPICS XL Flow Cytometer
(Coulter, Miami, Florida).
Histology and immunohistochemistry
Immunohistochemistry assays were performed as we have previously
described (Ouhtit et al., 2000a) with slight modifications. Briefly,
adjacent skin sections were examined for either p16 or p53 (1:300
dilution; Santa Cruz Biotechnologies Inc.). Staining was performed
using the Ventana Nexus immunostainer and Ventana detection kit
system (Ventana Medical Systems Inc., Tuscan, Arizona). Adjacent
sections were also stained with hematoxylin and eosin for histology.
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Statistical analysis of data
To examine the effect of low and high UVB doses on apoptosis in the
skin, the number of apoptotic (sunburn) cells was counted on
hematoxylin and eosin staining of the whole foreskin sections and
the percentage of sunburn cells was determined. Typically, sunburn
cells display a characteristic morphology of pycnotic nuclei and
intensely eosinophilic cytoplasm (Figure 6a and b) detectable by
light microscopy in hematoxylin and eosin-stained skin sections.
Differences between mean values were assessed for statistical
significance using two-tailed Student’s t-test comparisons (GraphPad
Prism 4.0 software).
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